The development of efficient and robust catalysts for H 2 O oxidation is an essential element in solar water splitting. The reaction mechanism for a previously reported dinuclear Ru water oxidation catalyst (1) has been investigated in detail through quantum chemical calculations. The predicted mechanism starts from a Ru 2 III,III complex with two aqua ligands. After three sequential oxidations, O-O bond formation occurs at a formal Ru 2 IV,V state via the direct coupling of two adjacent oxo moieties while the water nucleophilic attack mechanism was found to be associated with a higher energy barrier. Two H 2 O molecules are then inserted with subsequent release of O 2 , which was found to be the rate-limiting step with a barrier of 22.7 kcal mol −1
Introduction
The splitting of H 2 O into H 2 and O 2 is an appealing solution to solar energy conversion. Here, the development of efficient water oxidation catalysts (WOCs) is a vital element for the construction of catalytic systems capable of converting solar energy to storable fuels. [1] [2] To date, several molecular complexes based on Ru, [3] [4] [5] [6] [7] [8] [9] [10] [11] Ir, [12] [13] [14] [15] Mn, [16] [17] [18] [19] [20] Fe, [21] [22] [23] [24] [25] Co, [26] [27] [28] [29] [30] and Cu, [31] [32] [33] [34] [35] have been identified to catalyze the four-electron oxidation of H 2 O to O 2 (eqn 1). In addition to the large thermodynamic requirement for oxidizing H 2 O, generation of O 2 is kinetically cumbersome, which makes it difficult to develop viable catalysts for this transformation.
(
A majority of the reported WOCs require a strong sacrificial oxidant, Ce IV , to drive H 2 O oxidation. However, an appealing approach is the incorporation of negatively charged moieties into the ligand scaffolds of the WOCs. This results in WOCs with significantly reduced redox potentials compared to catalysts comprising neutral ligands, [36] [37] [38] [39] [40] and enables the use of the mild one-electron oxidant [RuĲbpy) 3 ] 3+ (bpy = 2,2′-bipyridine) to drive H 2 O oxidation. [41] [42] [43] [44] [45] These catalysts possess the ability to generate the essential high-valent metal-oxo species at low redox potentials, which promotes O-O bond formation, either via water nucleophilic attack (WNA) or through the direct coupling (DC) of the metal-oxo units (see Fig. 1 ). 46 In order to rationally design more efficient WOCs, it is crucial to gain mechanistic insight into how these catalysts promote the oxidation of H 2 O and to elucidate how the O-O bond formation event occurs. During the recent years, quantum chemical calculations have been proven to be a powerful tool for studying artificial WOCs. The comprehensive mechanistic quantum chemical studies regarding Ru-based WOCs have generated a wealth of chemical insight, especially in the regard of the mechanistic descriptions and for detailing scenarios for O-O bond formation. [47] [48] [49] In the present study, we further explore the mechanistic details associated with dinuclear Ru complex 1′ through quantum chemical calculations. It was found that O-O bond formation takes place at the formal Ru 2 IV,V state, which is also consistent with experiments, via direct coupling of two adjacent oxo units. An alternative mechanism involving the nucleophilic attack of H 2 O was associated with a significantly higher barrier. The ligand was shown to be non-innocent by participating in proton transfer processes and by accepting/ donating electrons during the catalytic cycle. These findings shed new light on the principles for designing improved catalysts for the multi-electron oxidation of H 2 O and the possibility of implementing these key features to other transition metal-based WOCs.
Experimental section

Computational details
The density functional calculations were performed using the hybrid B3LYP 52 functional, as implemented in the Gaussian 09 code. 53 Geometries were optimized with the 6-31G(d,p) basis set for the C, N, O, H elements and the effective core potential SDD 54 basis set for Ru. Based on these optimized geometries, the final and the solvation energies were calculated as single-point corrections using the SMD 55 continuum solvation model using the B3LYP* 56 functional (15 % exact exchange) and a larger basis set, where all elements, except Ru, were described by 6-311+G(2df,2p). It has been shown that B3LYP* gives better results in describing relative energies in transition metal complexes 56 
Results and discussion
Redox properties of Ru complex 1
The redox properties of this catalyst with different ligand compositions have been studied in detail in our previous paper. 51 Importantly, the Pourbaix diagram for Ru complex 1′
was constructed to understand the pH-dependent behavior of redox potentials. Here, we only present the relevant catalytic species at the working pH (pH 7. used as the reference, the formation of complex 2 by the oxidation of 1 is exergonic by 13.9 kcal mol −1 . During the oxidation, both the proton and the electron are released from the Ru1-bound hydroxide as a spin population analysis suggests the generation of an oxyl radical (O1; 0.70, see Table 2 ). The electronic structure of complex 2 is best described as a lowspin Ru III (S = 1/2) ferromagnetically coupled to an oxyl radical (S = 1/2) with an additional low-spin Ru III center (S = 1/2). Here, a proton is removed from the Ru2-bound aqua molecule and an electron is released from Ru2, thus generating an additional Ru IV center. However, significant spin delocalization on the hydroxide oxygen (0.44) can be seen and the spin density on Ru2 is merely 1.30. A subsequent one-electron oxidation occurs to produce the formal [(L)Ru 2 (Fig. 4) . This redox step was found to be associated with a redox potential of 1.15 V. The direct removal of an electron from species 3 would generate 4 A , in which the doublet, quartet, and sextet are all close in energy. However, proton transfer from the Ru2-bound hydroxide to the imidazole nitrogen (4 B ) via deprotonation and reprotonation facilitated by the water solution can slightly lower the energy by 0.3 kcal mol −1 . This proton relocation should occur readily and lead to an equilibrium between intermediates 4 A and 4 B . Loss of the proton, which should be plausible at pH 7.2, yields intermediate 4 dp (vide infra). Species 4 B is a quartet, where the doublet and the sextet are 6.6 and 6.7 kcal mol −1 higher in energy, respectively. The generated Ru 2 IV,V intermediate (4, see Fig. 5 ) has the ability of mediating O-O bond formation, which is also supported experimentally, 51 and will be discussed in the following section. During these three oxidation steps, the total spin density on the designed ligand evolves from 0.38 in 1, to 0.40 in 2, to 0.42 in 3, and further to 1.32 in intermediate 4 A (see Table 2 ). These results suggest a non-innocent function of the ligand, which can donate electrons during the oxidation and become partially oxidized. By doing this, the redox potentials are significantly decreased and high-valent redox states can be accessed with lower energy requirements. From species 4 A to 4 B , the ligand accepts a proton (highlighted in Fig. 5 ), which is coupled with an electron transfer from the Ru2-bound hydroxide to the ligand, generating an oxygen radical at O2. The ligand thus facilitates the generation of the second oxygen radical, which is necessary for the following O-O bond formation via direct-coupling. Consequently, O-O bond formation from 4 A takes place via coupling of an oxo and a hydroxide moiety. However, from isomer 4 B , the coupling of two oxo units from isomer 4 B was found to be more favorable (see Fig. 8 ). These two transition states are labeled as TS1 A and TS1 B , respectively, and are depicted in Fig. 6 . For TS1 A , the barriers for the doublet and quartet were calculated to be 17.7 and 16.5 kcal mol −1 , respectively, relative to 4 B . For TS1 B , the barrier in the doublet We also considered the deprotonated form 4 dp Fig. 7) , as its pK a was calculated to be 8.2.
This suggests that the generation of 4 dp is possible at the working pH (pH 7.2), with an energy penalty of only 1.5 kcal mol −1 . Upon deprotonation, a ligand radical is generated at the highly-conjugated planar ligand, as the ligand has a formal total charge of −5. The doublet, quartet, and sextet are close in energy, with a difference of merely ∼0.1 kcal mol −1 .
The O-O bond formation from 4 dp turns out to be very facile and the transition state TS1 dp (Fig. 7) lies at only +3.2 kcal mol −1 for the quartet (+4.6 kcal mol −1 for the doublet) higher than 4 dp . In TS1 dp , the nascent O1-O2 bond is 1.79 Å and the spin density on both O1 and O2 is 0.25. This is different from that of TS1 in which the spin density on O2 is higher. The resulting peroxido intermediate Int1 dp ( Fig. 7 . When the energetic penalty for the deprotonation is added, the total barrier for the O-O bond formation via TS1 dp becomes 4.7 kcal mol −1 , which is 3.8 kcal mol −1 lower than that via TS1 B . Importantly, the alternative mechanism involving the coupling of an oxo and a hydroxide moiety is highly unfavorable and can be ruled out.
It is pertinent to mention that O-O bond formation by direct coupling at the Ru 2 IV,IV state has also been considered.
The direct coupling of an oxo and a hydroxide moiety from complex 3 (the optimized transition state and intermediate tive to 4 dp . 
O-O bond formation by water attack at the Ru 2 IV,V state
The alternative O-O bond formation mechanism via WNA on a ruthenium-oxo moiety was also considered (see Fig. 8 Fig. 9 . In 4 B , the imidazole adjacent to Ru1 is deprotonated while the other imidazole unit close to Ru2 is protonated. This renders O1 more nucleophilic than O2 and thus O2 has a more electrophilic character compared to O1. Therefore, the Ru1-O1 moiety functions as a base to facilitate the nucleophilic attack of H 2 O on Ru2-O2. The barrier for this step was calculated to be 21.4 kcal mol −1 relative to 4 B + H 2 O. WNA on 4 dp has a slightly lower barrier, being 18.2 kcal mol −1 relative to 4 dp + H 2 O. The total barrier becomes 19.7 kcal mol −1 when the energy cost for the deprotonation step is included. These findings show that O-O bond formation via direct coupling is associated with a significantly lower barrier compared to the nucleophilic attack of H 2 O on the ruthenium-oxo unit. This is similar to the results observed for the "blue dimer" and the dinuclear Rupyrazole catalyst developed by Llobet, in which the direct coupling of two oxo groups is also preferred. The barrier for this step was calculated to be 19.7 kcal mol −1 for the triplet state (see Fig. 10 ), which is dramatically higher than that for the O-O bond formation step 9 Optimized structures of transition states of O-O bond formation via H 2 O attack from intermediates 4 (TS2 A and TS2 B ) and 4 dp (TS2 dp ). Energies of TS2 and TS2 dp are given in kcal mol −1 relative to 4 + H 2 O and 4 dp + H 2 O, respectively. shown to have higher barriers than the triplet (Fig. 10) 4 ]) and is depicted in Fig. 11 and 12. The energetic profile for the H 2 O insertion process is depicted in Fig. 11 . In Int4 dp , O2 (spin density of 0.61) has a more radical character than O1 (0.29), and therefore a hydrogen bond is formed between the Ru2-bound hydroxide and O1. (O 2 )(OH)(pic) 4 ] species Int4 dp , release of O 2 can occur from the Ru1 center, coupled with the binding Fig. 13 and Scheme 1, respectively. Briefly, the consecutive PCET events of the staring complex Ru 2 III,III 1 furnishes the oxidized Ru 2 IV,V species 4 dp , which has the ability to trigger O-O bond formation. Here, the direct coupling of the two oxo units was found to be favored over the nucleophilic attack of H 2 O on one of the oxo moieties. The direct coupling yields Ru 2 III,IV peroxido species Int1 dp , which loses an electron and one proton to produce the Ru 2 IV,IV intermediate Int4 dp from which O 2 is liberated, regenerating the starting Ru complex 1 to complete the catalytic cycle.
Conclusions
In the present paper, the H 2 O oxidation mechanism has been investigated for a dinuclear Ru complex by quantum chemical calculations. It was also revealed that the deprotonation of Ru 2 IV,V intermediate 4 to form 4 dp ([(L)Ru 2 IV,V (O) 2 (pic) 4 ]) is slightly endergonic and the coupling of the two oxo groups from this intermediate to give Int1 dp has an even lower barrier, being only 4.7 kcal mol −1 when the energy cost for the deprotonation step to produce 4 dp is included. A subsequent one-electron oxidation of Int1 dp takes place, resulting in the formation of the formal [(L)Ru 2 IV,IV (O 2 )(pic) 4 For the studied Ru catalyst, the ligand motif was also found to be non-innocent by participating in proton transfer and by accepting/donating electrons during the catalytic process. This strategy can significantly lower the redox potentials and help accessing high-valent oxidation states, which is required for promoting O-O bond formation, and could be a general strategy for designing more efficient metal-based WOCs.
